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Abstract: In maize-based cropping systems, leaching of nitrate-nitrogen (NO3-N) to drainage tile
and groundwater is a significant problem. The purpose of this study was to assess whether a winter
rye cover crop planted after silage maize or soybean harvest and injected with liquid manure could
decrease soil NO3-N without reducing the yield of the following maize crop. An experiment was
conducted at 19 sites with predominant occurrence of Mollisols (15 out of 19 sites) in the upper
Midwest USA immediately after soybean or maize silage harvest to compare a drilled rye cover
crop and a non-cover crop control. Later in the fall, liquid swine or dairy manure was injected
into the cover crop and control plots. Rye was terminated the following spring using herbicide,
usually before reaching 20 to 25 cm in height, and incorporated with tillage at most sites, after which
maize was planted and harvested as silage or grain. Across sites, soil NO3-N at rye termination
was reduced by 36% (range = 4% to 67%) with rye compared to no rye. Nitrogen in aboveground
rye biomass at termination ranged from 5 to 114 kg N ha−1 (mean = 51 kg N ha−1). Across sites,
there was no significant difference in yield of maize silage or grain between treatments. These results
demonstrate in a Mollisol-dominated region the potential of a winter rye cover crop planted before
manure application to effectively reduce soil NO3-N without impacting yield of the following maize
crop, thereby reducing risk of negative environmental impacts.
Keywords: cover crop; manure; nitrate; nitrogen; cereal rye; maize
1. Introduction
Agricultural intensification over the past few decades has led to degradation of aquatic systems,
and the impact of downstream nutrient export from agricultural lands continues to be of concern.
Nitrate-nitrogen (NO3-N) is particularly troublesome as it leaches through the soil into subsurface
drainage or groundwater, which ultimately leads to surface waters. There are now over 400 aquatic
systems across the world experiencing hypoxia due to excess nutrients fueling algal blooms [1].
In the Midwest region of the United States, nutrient losses have been exacerbated by both
intensified crop and livestock production. This has led to a large hypoxic, or dead, zone forming
annually in the Gulf of Mexico [2,3]. In cropping systems, the use of commercial fertilizers along
with increased mineralization of nitrogen from drained soils is problematic [4–6]. Where animal
feeding operations have concentrated, the amount of manure often exceeds the nearby cropland
nutrient needs and manure is treated as more of a waste rather than a resource [7,8]. As an example,
the US Department of Agriculture’s (USDA) Agricultural Resource Management Survey found that
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95% of manure applications to maize (Zea mays L.) acres did not follow national recommendations
for application rate, timing, and placement [9]. In Minnesota, USA, where the headwaters of the
Mississippi River, which constitutes a major inflow to the Gulf of Mexico, are located, the 2-year
maize-soybean (Glycine max (L.) Merr.) rotation dominates the agricultural landscape, similar to most
places in the Midwest [10]. A survey of Minnesota growers found that those using manure applied
on average 25.6 kg per hectare more N than recommended for maize [11], and overapplications most
notably occurred where maize followed soybean [12].
In the upper Midwest USA, the cold climate adds further challenges to manure management. Due
the short growing season and increasingly wet springtime conditions [13], liquid swine (Sus scrofa L.)
and dairy cow (Bos taurus L.) manure are frequently applied in the fall prior to planting maize the
following spring. However, maize does not begin taking up substantial amounts of nitrogen (N)
until the mid-vegetative stages [14]. This creates risk of soil nitrate-nitrogen leaching below the
maize rooting zone, since most of the N in liquid swine manure and about one-half in liquid dairy
manure is ammonium [15], which is rapidly converted to NO3-N when the soil temperature in the
zone of application exceeds 10 ◦C [16]. This challenge is exacerbated when warm weather and excess
precipitation occur between manure application and maize N uptake [5,17,18], which are expected to
occur more frequently with climate change [19].
One strategy for managing excess N in soil between cash crops includes using cover crops to take
up N and release it following termination. It has been well established that grasses are particularly
effective at scavenging N and holding it in the biomass that is produced [20–24], although it is
questionable whether N release from the cover crop biomass will synchronize with maize uptake
the following growing season. Huntington et al. reported that in a no-till system, N release from
hairy vetch (Vicia villosa Roth) and rye (Secale cereale L.) was typically highest after the maize silking
stage and thus did not synchronize well with maize uptake [25]. Jahanzad et al. found that forage
radish (Raphanus sativus L.) and winter pea (Pisum sativum subsp. arvense L.) decomposed much more
quickly than rye and N release was more synchronized with early cash crop N demands, but they also
reported that rye had faster decomposition and N release when buried in the soil as opposed to being
left on the soil surface after being terminated [26]. In some cases, this lack of synchronization may
cause losses in maize yield [27], but on the other hand, many studies have reported minimal or even
positive impacts on yields following grass cover crops over the long term [28–31], particularly when
fertilization regimes were optimized [32].
Most studies have evaluated cover crops in systems utilizing commercial fertilizers, but few
studies have evaluated use with fall-applied manure. In Ontario Canada, fall cover crops of perennial
ryegrass (Lolium perenne L.), oat (Avena sativus L.), and red clover (Trifolium pratense L.) reduced residual
soil mineral N by 26% to 42% compared to no cover crop after fall-applied liquid swine manure, but
the following year maize grain yield was reduced by up to 15% [33]. In Iowa, USA, Singer et al. found
that a rye-oat mixture interseeded into soybean reduced soil NO3-N in the 0–30 cm depth during the
early growing season of maize without affecting maize grain yield after liquid swine manure was
injected into the growing cover crop the previous fall [34]. In Pennsylvania, USA, maize yields were
highest when manure was injected in late fall (November) into a rye cover crop compared with rye
being planted after an early application of manure in September, and furthermore, manure injected
into the cover crop resulted in better yields than when manure was simply broadcast onto the cover
crop [35]. These findings have practical implications for growers because it is counterintuitive to plant
a cover crop and then reduce biomass by injecting liquid manure into it.
While there have been some promising results when adding cover crops as a best management
practice for fall manure application, this practice has not been evaluated in a cold climate, i.e., the upper
Midwestern USA. It is unclear how results from other studies would transfer to this region when the
short growing season adds additional constraints. Furthermore, practical applications for growers
need to be considered because there has been little reported research conducted on working farms
with large scale equipment. To convince growers of the merit of this practice and to increase adoption
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rates, more on-farm research is needed. The objective of this study was to assess whether a winter
rye cover crop planted after silage maize or soybean harvest and injected with liquid swine or dairy
manure in the fall could decrease soil NO3-N without reducing yield of the following maize crop.
2. Materials and Methods
A field experiment was conducted across 15 on-farm and four research station sites in southern and
central Minnesota during the 2016 and 2017 maize growing seasons. A composite soil sample from the
0–15 cm depth was collected from each site prior to applying treatments and analyzed for phosphorus
(Olsen or Bray-1) [36,37], ammonium acetate extractable potassium [38], pH (1:1 soil:water) [39],
and organic matter (combustion) [40]. Soil classification, texture, and initial soil-test levels are in Table
S1. Soils were Mollisols with 27 to 83 g kg−1 organic matter in the 0–15 cm depth at 15 sites and Alfisols
with 30 to 52 g kg−1 organic matter in the 0–15 cm depth at four sites.
The two treatments were winter rye cover crop and no cover crop, replicated three times within a
randomized complete block design, and established immediately following maize silage or soybean
harvest the year prior to the main crop growing season. All agronomic practices other than cover
crop planting were consistent between treatments at all locations. At sites where the manure type
(Table 1) was swine, the prior crop was soybean, and where the manure type was dairy, the prior
crop was maize except for site 12 where it was soybean. Plots were equal to or greater in width than
the cooperating growers’ maize harvester, and were 4.6 to 6.7 m wide by 73.2 to 170.7 m long at the
on-farm sites, and 1.5 m wide by 12.2 m long at the research station sites (sites 3, 8, 13, and 19). Rye
was planted at 100 kg ha−1 by the cooperating growers using a grain drill. Rye was planted between
late September and early November (Table 1). Aboveground biomass of rye in the fall was limited,
especially with the later seeding dates, and therefore not measured.













1 30 September dairy 20 November 26 April 6 May silage
2 26 September dairy 9 October 18 April 4 May silage
3 9 October dairy 12 November 15 April 3 May grain
4 25 September dairy 2 November 21 April 9 May silage
5 2 October swine 12 November 25 April 13 May grain
6 3 October swine 10 November 22 April 6 May grain
7 29 September swine 12 November 22 April 25 April grain
8 9 October swine 12 November 15 April 3 May grain
9 12 October swine 10 November 26 April 7 May grain
2016 2017
10 26 September dairy 10 November 20 April 13 May silage
11 24 October dairy 27 October 28 April 9 May silage
12 3 October dairy 2 November 8 May 6 May silage
13 26 October dairy 5 December 24 April 15 May grain
14 17 October dairy 6 October 9 May 10 May silage
15 7 October dairy 22 October 25 April 11 May silage
16 8 November swine 25 October 8 May 9 May grain
17 14 October swine 18 October 20 April 6 May grain
18 17 October swine 27 November 17 April 9 May grain
19 26 October swine 5 December 24 April 15 May grain
Liquid swine or dairy cow manure was injected into the soil of the cover crop and no cover
crop treatments two to six weeks after the winter rye was planted, at most sites. However, in 2016,
manure application occurred three to four days after rye planting at two sites, and 11 to 14 days before
planting at two sites (Table 1). Manure application equipment included disk closures without knives
(sites 6, 12), knives without terminal sweeps (sites 1, 2, 14), and knives with terminal sweeps narrower
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than 30 cm (all other sites). Manure was placed approximately 8 to 10 cm deep with the disk closures
alone and 13 to 20 cm deep with knives. The manure application rate at each site was determined
by the cooperating growers. A manure sample from each site was analyzed for total Kjeldahl N and
inorganic N following methods of Peters et al. [41] on a continuous flow gas diffusion and conductivity
cell analyzer (Timberline Instruments, Boulder, CO, USA). Total and inorganic N (NH4-N) in manure
and N from fertilizer are in Table 2. The forms, rates, and dates of application of mineral fertilizers
applied are in Table S2. At all sites but three (sites 3, 8, 13), manure was the principal N source. At the
three sites where it was not, manure had not been agitated and its N content was low (0.36–0.48 g L−1),
so fertilizer N applied in the spring after cover crop termination was the dominant N source.
Table 2. Total nitrogen (kg ha−1) applied, plant nitrogen (N) measured in the aboveground rye biomass
at termination and in the maize plants at harvest (silage or grain, plus dry stalks), and soil nitrate-N
(0–60 cm, mg kg−1) measured at cover crop termination.
Site
Total N Applied Plant N Uptake Soil NO3-N
Manure Fertilizer Rye Maize w/Rye w/o Rye
TKN * NH4-N w/Rye w/o Rye
kg ha−1 mg kg−1
2016 Maize Growing Season
1 256 222 0 95 (14.2) † 85 (5.8) 120 (5.9) 4 (0.8) 12 (1.3)
2 179 142 0 98 (19.2) 193 (15.8) 188 (11.2) 24 (2.3) 26 (3.0)
3 30 7 157 15 (1.2) 139 (13.7) 135 (19.4) 6 (0.6) 9 (0.3)
4 186 177 28 107 (1.5) 151 (4.1) 149 (2.5) 16 (1.3) 21 (5.0)
5 320 232 36 114 (11.2) 186 (4.9) 177 (12.5) 7 (1.5) 21 (3.0)
6 226 209 0 84 (2.9) 177 (14.9) 177 (12.8) 20 (1.2) 38 (2.8)
7 219 217 0 71 (6.0) 152 (18.2) 136 (2.5) 12 (1.4) 25 (2.5)
8 22 20 112 14 (0.3) 148 (11.7) 142 (8.9) 7 (0.3) 11 (0.4)
9 75 73 0 43 (4.0) 91 (6.6) 99 (1.8) 4 (0.3) 10 (1.5)
2017 Maize Growing Season
10 279 118 0 84 (4.2) 209 (5.2) 218 (6.2) 7 (1.8) 13 (1.5)
11 292 105 0 22 (2.8) 188 (7.4) 185 (15.6) 18 (2.2) 27 (0.8)
12 148 68 68 49 (0.3) 144 (1.5) 149 (3.5) 24 (3.0) 35 (4.4)
13 24 14 135 5 (0.3) 153 (9.2) 153 (6.0) 13 (1.5) 14 (1.2)
14 195 ‡ 68 54 (2.6) 144 (6.3) 170 (8.2) 9 (1.2) 15 (1.6)
15 374 169 35 25 (1.7) 166 (13.3) 167 (2.9) 27 (4.6) 28 (1.4)
16 226 137 86 5 (1.0) 156 (4.7) 165 (14.5) 23 (0.4) 35 (4.8)
17 140 100 0 65 (4.4) 141 (11.0) 144 (1.7) 10 (2.0) 20 (1.2)
18 186 127 67 8 (0.5) 174 (3.6) 163 (5.6) 44 (4.7) 64 (12.6)
19 206 153 0 5 (0.3) 181 (8.9) 180 (10.0) 22 (3.9) 56 (16.1)
Mean 49 (5.2) 157 (4.5) 159 (4.0) 16 (1.4) 25 (2.2)
Significance of difference with and without rye n.s. p < 0.001
* Total Kjeldahl nitrogen. † Standard error is shown within parentheses. ‡Not measured. n.s. = not significantly
different.
Spring cover crop termination was targeted to be prior to rye reaching a 25 cm height to ensure that
N uptake by rye did not reduce soil N below the level required by the subsequent maize crop during
the early growing season [42]. Rye was terminated by herbicide followed by full-width tillage at all
sites except three: at site 9, herbicide was followed by strip-tillage, and at sites 14 and 16, termination
was by full-width tillage only. Agronomic practices for cover crop termination were also applied to
plots of the no cover crop treatment at all sites. At rye termination, rye canopy height, plant density,
aboveground biomass, and N concentration, as well as soil NO3-N in the 0–60 cm layer, were measured.
The average height of the rye canopy at each site was recorded. At three or four random locations per
replication a 0.25 m2 quadrat was delineated, plants were counted and cut at the soil surface, combined,
weighed, subsampled, weighed, and then oven-dried at 60 ◦C until constant mass, weighed, ground to
pass a 1-mm sieve, and analyzed for Kjeldahl N. Depending on plot length, 8 to 12 soil cores were
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randomly collected from the 0–60 cm depth in each plot, mixed, sub-sampled, oven-dried at 35 ◦C until
constant mass, ground to pass a 2-mm sieve, and analyzed for NO3-N (KCl extraction and cadmium
reduction method) [43,44].
Maize was planted in 76-cm rows at 18 sites and in 56-cm rows at one site (site 16) and managed
by cooperating growers. Maize hybrids and planting rates varied among sites and were selected
by the cooperating growers. Some sites received supplemental N fertilizer at rates determined by
the growers (Table 2). Maize was harvested by the growers as silage at eight sites and as grain at
11 sites. Silage yield was measured by weighing the silage wagon before and after chopping each
plot. For each plot, a ~0.5-kg sample of the silage was weighed, oven-dried at 35 ◦C until constant
mass, reweighed, ground to pass a 2-mm sieve, and analyzed for Kjeldahl N. At sites where maize
was harvested for grain, grain yield was measured using a calibrated weigh wagon and samples were
taken for laboratory determination of moisture and Kjeldahl N. Silage and grain yields were calculated
at 650 and 155 mg kg−1 moisture content, respectively. Prior to machine harvest for grain, 20 plants
were randomly selected from each plot, cut at the soil surface, ears removed, stalks and husk weighed,
chopped, mixed, subsampled, weighed, oven-dried at 35 ◦C until constant mass, reweighed, ground to
pass a 2-mm sieve, and analyzed for Kjeldahl N.
Monthly precipitation and average air temperature for August 2015 through November 2017 were
collected from nine National Weather Service weather stations in Minnesota (Midwestern Regional
Climate Center, Champaign, IL, USA) and compared to the 30-year average (1981–2010). Stations were
chosen based on proximity to study sites and availability of 30-year data. To show the general trends
in weather patterns over the study, data were averaged across weather stations.
Data were analyzed at p ≤ 0.05 with JMP version 13 Pro (SAS Institute Inc., Cary, NC, USA)
using standard least squares (restricted maximum likelihood method, REML) and linear regression.
Treatment was considered a fixed effect and site and replication (nested within site), and site× treatment
were considered random effects. Site means for aboveground rye dry matter yield (DM) at termination
were regressed on rye planting day of the year and on canopy height. Nitrogen concentration in
aboveground rye was regressed on rye aboveground DM and rye height. Total rye N was regressed on
rye DM and rye N concentration. The difference in soil NO3-N between cover cropped and bare plots
was regressed on the number of days between rye planting and manure application. Rye plant density,
rye DM, concentration of N in aboveground rye, and total N in aboveground rye were analyzed by site.
An inspection of residuals indicated that the assumption of normality was met. Soil NO3-N (mg kg−1),
maize grain yield, stalk DM, silage yield, grain N (kg ha−1), stalk N, silage N, and total above ground
plant N were each analyzed for rye and no rye treatments separately across sites. Those variables
were analyzed individually across sites and treatments. Soil NO3-N was also analyzed for rye and no
rye treatments when maize was the forecrop versus soybean and also when swine manure was used
versus dairy. An inspection of residuals indicated that the assumption of normality was met.
3. Results
3.1. Weather
Monthly precipitation and air temperature data from this study are compared to the 30-year
average (1981–2010) in Figure 1. In 2015 when the cover crop was planted (September through October),
the weather tended to be warmer and drier than the 30-year average. This allowed for good field
conditions for harvest of the prior crop, and the cover crops were planted earlier than in 2016 (Table 1).
While temperatures were warmer than the 30-year average in the fall of 2016, harvest of the crop prior
to the cover crop was delayed in many fields due to excessively wet conditions, thus delaying planting
of the cover crop.
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Figure 1. Average monthly precipitation (cm) and temperature (◦C) during the study period compared
with the 30-year mean for the period from 1981 to 2010. Data were averaged across nine National
Weather Service weather stations in Minnesota.
Monthly average air temperature during winter (December through February) was normal or
warmer than normal in both years. Precipitation was above average in both years in December, but
near normal in January and February. On average, it was March when the 30-year temperature ros
above the 3.3 ◦C threshold needed for rye vegetative growth to re me in the sp ing [45]. In 2016,
it was warmer and wetter than usual, while in 2017 it wa colder and drier than averag . In April of
both years, there was similar air temperature but lower precipitation than the 30-year average.
The maiz growing season in both years had near-average temperatures, though precipitation was
variable. In 2016, precipitation was above normal from May through October, with the exception of
June. During this period, precipitation was 18.2 cm more than the 30-year average. In 2017, June, July,
and September received below-normal precipitation while May, August, and October received more
than average. From May through October, precipitation was 8.9 cm more than the 30-year average.
3.2. Rye Biomass, Rye N Uptake, and Soil NO3-N
As indicated by spring biomass and density, recovery of rye following disturbance from manure
injection was variable across sites (Figure 2, Table 3). The least disturbance occurred with smaller knives,
with or without terminal sweeps. At most sites rye was terminated with herbicide and incorporated
with tillage. Rye height at termination ranged from 5 to 30 cm among sites and was 25 to 30 cm at
five sites (Table 3).
Aboveground rye DM at termination ranged from 102 to 3220 kg ha−1. On average, rye growth
was significantly greater (p < 0.001) in the 2016 maize growing season than in 2017 (mean of 1795
and 813 kg DM ha−1, respectively), perhaps because rye planting dates were earlier in 2015. Rye DM
at termination was greater when rye was planted earlier (Figure 3). Across sites, aboveground DM
declined by 413 kg ha−1 with each one-week delay in rye planting. There was a significant positive
linear relationship between rye DM (kg ha−1) and height (cm) at termination (y = −444 + 99.88 × x,
R2 = 0.76, p < 0.001). At termination, N concentration in aboveground DM ranged from 29 to 53 g kg−1
and was not linearly related to rye aboveground DM (R2 = 0.001, p = 0.883), total rye biomass N
(R2 = 0.28, p = 0.490), or rye height (R2 = 0.008, p = 0.712). Total N uptake was primarily determined
by rye DM (y = 2.25 + 0.038 × x, R2 = 0.92, p < 0.001) and ranged from 5 to 114 kg ha−1 (Table 2).








Figure 2. An example of rye recovery after manure injection at site 4. Rye is shown at (a) manure 
injection in fall 2015, (b) two weeks after manure injection in fall 2015, and (c) at the time of 
termination in the spring of 2016. 
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Table 3. Rye aboveground biomass dry matter (DM), height, and density at termination.
Site Biomass DM Height * Density
kg ha−1 cm Plants m−2
2016 Maize Growing Season
1 3220 (572) † 30 116 (9)
2 1925 (224) 18 114 (5)
3 408 (34) 13 120 (8)
4 2526 (55) 25 128 (7)
5 2622 (301) 30 138 (7)
6 2002 (43) 28 74 (4)
7 1853 (160) 28 71 (6)
8 445 (10) 10 120 (7)
9 1153 (61) 23 84 (3)
2017 Maize Growing Season
10 2141 (213) 15 160 (7)
11 590 (43) 10 107 (1)
12 1160 (27) 15 67 (7)
13 160 (5) 8 122 (6)
14 1760 (203) 20 178 (6)
15 609 (33) 20 79 (5)
16 102 (18) 5 51 (1)
17 1300 (92) 15 181 (2)
18 151 (5) 8 76 (9)
19 160 (10) 8 104 (4)
* Only one average measurement of height was made per site. † Standard error is shown within parentheses.
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Across trials, the rye cover crop significantly reduced soil NO3-N in the 0–60 cm layer at rye
termination compared to no rye (Table 2, p < 0.001 for treatments, p = 0.008 for sites, p = 0.159 for
treatment x site interaction). There were no differences within cover crop and no cover crop treatments
when maize was the previous crop versus soybean (p = 0.494 and 0.056, respectively), nor when dairy
manure was used versus swine manure (p = 0.748 and 0.113, respectively). There was not a significant
linear relationship between rye biomass and soil NO3-N. The amount of N supplied by manure the
previous fall varied considerably among sites (Table 2) so the amount of NO3-N available for uptake by
the rye would have varied also. The amount of N taken up by the rye was not related to the difference
between soil NO3-N in the rye and no-rye treatment in each trial. When the difference in soil NO3-N
between cover cropped and bare plots was regressed on the number of days between rye planting and
manure application, no significant relationship was found (r = 0.204, p = 0.402).
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3.3. Maize Silage and Grain Yields
Across sites, maize silage and grain yields were not significantly influenced by cover cropping
(p = 0.252 and p = 0.422, Tables 4 and 5). Similarly, there was no significant difference in maize N
recovery in aboveground biomass with a winter rye cover crop compared to no cover crop (p = 0.412,
Table 2).





1 34.3 (0.7) * 39.8 (0.5)
2 59.1 (2.6) 57.9 (3.7)
4 48.1 (0.9) 46.5 (2.5)
10 46.5 (1.2) 49.8 (1.9)
11 43.6 (3.0) 43.4 (4.6)
12 39.0 (0.9) 41.5 (1.5)
14 48.6 (2.5) 48.6 (0.0)
15 48.1 (0.9) 48.4 (1.2)
Mean 45.7 (1.6) 46.9 (1.4)
Significance of difference with and without rye n.s.
* Standard error is shown within parentheses. n.s. = not significantly different.
Table 5. Maize grain yield (Mg ha−1 at 155 g kg−1 moisture) and stalk dry matter in plots following rye
and no rye.
Site No.
Maize Grain Yield Maize Stalk Dry Matter
w/rye w/o rye w/rye w/o rye
Mg ha−1
3 11.3 (0.6) * 11.1 (1.3) 5.5 (0.4) 5.7 (0.3)
5 12.4 (0.1) 11.8 (0.2) 8.4 (0.3) 7.9 (0.3)
6 14.0 (0.6) 14.5 (0.4) 8.7 (0.1) 8.0 (0.3)
7 13.8 (0.0) 14.1 (0.1) 7.2 (0.5) 6.6 (0.2)
8 12.9 (0.9) 13.1 (0.6) 6.5 (0.5) 7.0 (0.5)
9 10.0 (0.3) 10.5 (0.2) 5.1 (0.4) 6.1 (0.2)
13 12.6 (0.5) 13.3 (0.3) 7.5 (0.4) 7.2 (0.2)
16 10.2 (0.1) 10.3 (0.3) 7.2 (0.3) 8.0 (0.1)
17 11.7 (0.1) 12.5 (0.1) 7.9 (0.3) 7.9 (0.1)
18 14.4 (0.3) 13.7 (0.4) 7.5 (0.4) 7.3 (0.2)
19 13.8 (0.5) 13.8 (0.4) 7.7 (0.2) 7.6 (0.2)
Mean 12.5 (0.3) 12.6 (0.3) 7.2 (0.2) 7.2 (0.1)
Significance of difference with and without rye n.s. n.s.
* Standard error is shown within parentheses. n.s. = not significantly different.
4. Discussion
A winter rye cover crop was established in 2015 and 2016 across 19 trials in southern and central
Minnesota using drill-seeding after maize silage or soybean harvest. In both years, rye recovered
after fall liquid manure injection; however, wide disk coverers that disturbed or covered most of the
soil surface (sites 6 and 12) were associated with low rye density at termination. Singer et al. found
that although manure injection reduced rye density in the disturbed zone when using 5.1-cm-wide
chisel shanks, the rye biomass the following spring had fully recovered compared to the no-manure
check [34]. Similarly, Milliron et al. reported that rye with manure injected with shallow disk injectors
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produced similar amounts of aboveground DM as when manure was applied prior to seeding the rye
cover crop [35]. This illustrates the importance of using appropriate equipment that minimizes surface
disturbance to reduce damage to a cover crop stand.
Rye establishment was more challenging in 2016 than in 2015 due to wide-spread precipitation
which delayed harvest of the prior crop, indicating that post-harvest establishment of rye may not be
successful in some years. An analysis of weather patterns in the upper Midwest USA by Strock et al.
suggested that successful establishment post-harvest may only occur 25% of the time [46], although the
paper only considered “successful” establishment to be the year when 2700 kg ha−1 of aboveground
rye biomass was produced. Only one site of 19 in the current study reported greater than this amount.
Others in the region have reported lower amounts of aboveground DM production that likely reflect
more realistic production goals. For example, rye DM production ranged from 147 to 489 kg ha−1 by
May 1 in southern Minnesota, USA [47]. In southwestern Minnesota, USA, Krueger et al. reported 680
to 872 kg ha−1 of rye DM produced by late April [48]. In northwestern Iowa, USA, 1480 to 2740 kg ha−1
of rye DM was produced by mid- to late-April when rye was drilled after harvest of the previous
crop [49]. None of these researchers injected manure into the cover crop, potentially damaging the
stand, however. In the current study which included manure injection, rye DM production tended to
be similar to or higher than values in the literature in Minnesota, USA, and similar to those reported in
Iowa, USA, which is further south and has a slightly warmer climate. This suggests the manure was
beneficial for growth, despite possible damage to the rye stand during manure application.
One of the main goals of using a grass species for a cover crop is to capture nutrients that might
otherwise be lost over the non-growing season. In this study, winter rye was successful in this regard.
Not only did it hold N in the aboveground DM, differences were also found in spring soil N levels
between the cover cropped and non-cover cropped treatments. Generally speaking, N uptake by the
cover crop was related to DM production, which has been found in other studies as well [50,51]. This
led to a wide range of total N uptake, from 4 to 114 kg N ha−1, across the 19 sites. This variability is not
uncommon in other cover crop studies. Rye N uptake ranged from 9 to 60 kg N ha−1 in Nebraska [52],
11 to 26 kg N ha−1 in Iowa [53], and 18.8 to 34.2 kg N ha−1 in Minnesota [48]. Nitrogen taken up by the
rye is less likely to be lost through agricultural sub-surface drainage or by leaching from the soil [22,46].
Rye reduced soil NO3-N in the 0–60 cm depth at the time of rye termination in the spring by an
average of 36% across all 19 sites. There was considerable variability in the level of soil NO3-N among
sites (p = 0.008 for sites), however. Similarly, Krueger et al. found that soil nitrate was reduced by
approximately 35% with a rye cover crop compared with the no-cover control in Minnesota, USA [48].
Cambardella et al. found a slightly higher reduction of 41% in Iowa, USA, which has a warmer climate,
with a rye/oat mix [54]. In the current study, variability across sites was likely due to differences in
rye biomass production as well as site-specific weather and soil conditions. For example, higher than
expected soil NO3-N concentration (based on the amount of N applied) in both cover cropped and
bare plots may have been due to fall and spring mineralization of N from manure and soil organic
matter. Where soil NO3-N concentration was lower than expected, there are two possible scenarios.
Nitrogen in the ammonium form had not yet mineralized to NO3-N or the NO3-N was leached or
denitrified during wet fall and/or spring conditions and lost.
Across sites, maize grain and silage yields were not affected by cover cropping. This may have
been due to N supply exceeding the N requirements of maize throughout its growth cycle, as maize
aboveground N uptake with a winter rye cover crop was not significantly different from that with no
cover crop. In addition to N supply from manure (and fertilizer at 10 of 19 sites), a large amount of N
was likely supplied by soil N mineralization. Soils at 15 of 19 sites were Mollisols, which have high
N mineralization capacity compared to other soil orders [55], and soil organic matter was relatively
high (42 to 83 g kg−1 in the 0–15 cm soil layer) at 15 of 19 sites and moderate (27 to 32 g kg−1 in
the 0–15 cm soil layer) at the remaining sites. It is the general trend in most cover cropping studies
that yields of the following crop are positively or minimally impacted [31,46,56–58], but others have
found negative impacts on yield dependent on management technique. For example, Acharya et
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al. suggested that the timing of when the cover crop is killed may influence plant disease and stand
establishment of the following crop [59]. Crandall et al. found that when termination was delayed
to a week prior to planting maize and fertilizer application was delayed until the V6 growth stage,
maize yield was decreased [42]. Other studies have suggested that there may be an alleopathic effect
of rye [60,61]. Few studies have evaluated the impact of integrating fall-applied manure with cover
crops on the following maize. Krueger et al. found that in a system with fall-applied dairy manure, rye
terminated a few days prior to planting maize for silage reduced yields compared with rye terminated
approximately three to four weeks earlier [48]. Thilakarathna et al. reported that in a fall-applied swine
manure system, non-legume cover crops did not impact maize yields, although cereal rye was not
evaluated [33]. In the current study, the cover crop was terminated at or before reaching 25 cm height
and 2.5 Mg ha−1 dry matter at most sites, and then incorporated into the soil. Tillage incorporation of
the cover crop may have facilitated N mineralization for the following crop [26,62] since different cover
crop termination methods and timing may affect N availability for and performance of the subsequent
maize crop [42,59]. It is also possible that mineralization of organically bound N from the manure
offset immobilization of N by the rye cover crop early in the growing season. More research is needed
to understand the dynamics of nutrient release from cover crops in a manured system.
5. Conclusions
In these 19 trials conducted in the upper Midwest USA, 15 of which were carried out by commercial
growers with their own equipment and management, a rye cover crop was successfully established by
drill-seeding following harvest of maize for silage or soybean. Although aboveground fall biomass
was limited both by the short growth period prior to freezing and by disturbance from the manure
injection equipment, spring growth was sufficient to result in significant N uptake. This study was
conducted at sites with predominant occurrence of Mollisols and relatively high soil organic matter
levels, hence high soil N mineralization capacity. This, coupled with termination of the rye prior to
the reproductive stage by herbicide and tillage and subsequent release of N, may have been partially
responsible for the lack of yield reduction of the maize crop following rye compared to no rye. While
removing N from exposure to leaching, as demonstrated in these trials as well as in earlier trials in
Minnesota, USA [46], Iowa, USA [54] and Illinois, USA [57], the rye cover crop can also reduce soil
erosion following the low residue crops of maize harvested for silage and soybean [63,64], an increasing
threat as a changing climate in the Upper Midwest results in more intense rainstorms [65]. Reduced
nitrate loss to groundwater and surface water and reduced soil erosion, increase the sustainability
and reduce the environmental impact of the production system. Future research should focus on
understanding the dynamics of nutrient release from grass legumes in a manured system.
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